Rationale Little is known about the smoking topography characteristics of heavy cannabis users. Such measures may be able to predict cannabis use-related outcomes and could be used to validate self-reported measures of cannabis use. Objectives The current study was conducted to measure cannabis smoking topography characteristics during periods of ad libitum use and to correlate topography assessments with measures of self-reported cannabis use, withdrawal and craving during abstinence, and cognitive task performance. Methods Participants (N=20) completed an inpatient study in which they alternated between periods of ad libitum cannabis use and abstinence. Measures of self-reported cannabis use, smoking topography, craving, withdrawal, and sleep measures were collected. Results Participants smoked with greater intensity (e.g., greater volume, longer duration) on initial cigarette puffs with a steady decline on subsequent puffs. Smoking characteristics were significantly correlated with severity of withdrawal, notably sleep quality and architecture, and craving during abstinence, suggesting dose-related effects of cannabis use on these outcomes. Smoking characteristics generally were not significantly associated with cognitive performance. Smoking topography measures were significantly correlated with self-reported measures of cannabis use, indicating validity of these assessments, but topography measures were more sensitive than self-report in predicting cannabis-related outcomes.
Introduction
Cannabis is the most widely used illicit substance, with an estimated 160 million users worldwide (UNODC 2010) . A preponderance of research has been conducted to characterize the effects of cannabis in humans. This includes research conducted to characterize the neurobiology and subjective effects of acute intoxication, the cognitive and physiological health consequences of acute and chronic use, and the epidemiology and epigenetics of users (Grotenhermen 2003; Budney et al. 2008a Budney et al. , 2011 Vandrey and Mintzer 2009 ). However, relatively little research has been conducted to examine the methods and characteristics of cannabis consumption and how these may relate to cannabis userelated outcomes.
Cannabis is primarily smoked or inhaled by users. However, there are a variety of methods in which this is done, including cigarettes (joints), pipes, bongs, blunts (cannabis rolled in hollowed out cigars), and more recently, vaporizers. Interestingly, a recent study suggests that the type of preparation used to consume cannabis may be a marker for risk of developing cannabis dependence. Timberlake (2009) reported that, among frequent cannabis users, those who primarily smoked cannabis in blunts were more likely to meet DSM-IV criteria for cannabis and tobacco dependence compared with cannabis users who typically used other methods of administration. This highlights the potential utility of cannabis use characteristics as a clinical tool for identifying at-risk cannabis users.
Another factor likely to contribute to dependence risk is the amount of cannabis a user typically consumes. However, accurate measures of cannabis consumption (dose) are difficult to ascertain in clinical assessments due to the differences in route of administration, the variability in cannabis potency (tetrahydrocannabinol [THC] concentration), and the tendency for cannabis to be shared by multiple individuals during an episode of use (Gray et al. 2009; Mariani et al. 2011 ). Thus, reliance on self-reported assessments of cannabis use (e.g., timeline follow-back [TLFB]) may not yield valid data for cannabis consumption, but this has not yet been empirically tested. Laboratory studies in which cannabis consumption is measured precisely provide an opportunity to assess specific aspects of smoking that may correspond to individual patterns of use outside of the laboratory.
Smoking topography devices have been developed to study the characteristics of smoking behavior among tobacco users. These devices provide precise measures of puffing behavior, including the exact volume of smoke that is inhaled for each puff, puff duration, puff velocity (rate of air flow during inhalation), and interpuff interval. Studies assessing the smoking topography characteristics of tobacco cigarette smokers have shown that puff volume decreases steadily throughout the course of smoking a cigarette in adults (Gust et al. 1983; Guyatt et al. 1989; Kolonen et al. 1992 ) and adolescents (Collins et al. 2010; Veilleux et al. 2011) , even when the length of the cigarette was not visible (adults: Nemeth-Coslett and Griffiths 1985) . This pattern indicates that smokers titrate their nicotine intake throughout the course of the cigarette by taking smaller puffs. Smokers also regulate their intake by smoking low-yield cigarettes more intensely than high-yield cigarettes (Hammond et al. 2005; Strasser et al. 2007; Woodward and Tunstall-Pedoe 1993) .
These studies have been important in understanding the variables controlling puffing behavior in tobacco smokers, and some preliminary studies have found that assessment of smoking topography may also hold clinical relevance as an indicator of dependence risk and predictor of cessation success. For example, a study of adolescent smokers showed that those participants who sustained or increased puff volume over the course of smoking a cigarette in the laboratory had heightened dependence escalation over the subsequent 2 years compared with those whose puff volume decreased over the course of smoking a cigarette, which is a more typical use pattern (Veilleux et al. 2011) . Strasser et al. (2004) found that adults who smoked with a high puff velocity, small puff volume, and long interpuff interval prior to a quit attempt were more likely to achieve sustained abstinence compared to adults with opposing smoking characteristics. In a similar study with adolescents, smaller puff volumes prior to quitting were also associated with greater abstinence during treatment (Franken et al. 2006) . These reports from the tobacco literature suggest the potential utility of studying smoking topography with other inhaled drugs of abuse, namely, cannabis.
Analysis of cannabis smoking topography characteristics has been limited and largely focused on comparisons with tobacco smoking topography. Compared with tobacco smoking, cannabis is typically inhaled in greater volume and held in the lungs for a longer duration (Perez-Reyes et al. 1981 , 1982 Wu et al. 1988a ). Interestingly, cannabis users who also smoke tobacco do not differ in their tobacco smoking topography characteristics compared with tobacco users who do not use cannabis (Aung et al. 2004; Nemeth-Coslett et al. 1986; Simmons and Tashkin 1995) .
Studies have also shown that, similar to tobacco users, cannabis users titrate their smoking mechanics based on dose. Specifically, studies of cannabis smoking topography have shown an inverse relationship between cannabis potency (percent THC concentration) and the quantity, volume, and duration of puffs taken during selfadministration of smoked cannabis (Heishman et al. 1989; Kelly et al. 1993) . Studies have also demonstrated a positive relationship between puff volume and the subjective effects of smoked cannabis (Azorlosa et al. 1995) . Increased breath hold durations have also been associated with increased tar deposition in the lung (Tashkin et al. 1991a; Wu et al. 1988a ).
The present study was conducted to extend previous research by assessing smoking topography characteristics of experienced cannabis users participating in a residential research study evaluating the effects of cannabis withdrawal on sleep .
This study was unique in that participants were allowed to self-administer smoked cannabis ad libitum on four study days. This allowed for collection of a substantial amount of naturalistic smoking topography data. We expected that the volume of cannabis selfadministered would be positively correlated with cannabis withdrawal and craving measured during a supervised abstinence period and negatively correlated with cognitive performance assessments conducted when participants were not acutely intoxicated. Exploratory analyses were also conducted to assess agreement between selfreported measures of prestudy cannabis use severity and the amount of cannabis consumed in the laboratory under ad libitum conditions.
Methods

Participants
Heavy cannabis users, aged 18-55 years, were recruited through newspaper advertisements. Participants were generally healthy and used cannabis multiple times daily. Study completers (N=20) had an average (standard deviation [SD] ) age of 29 (8) years and were 85% male, 65% African American, 25% Caucasian, and 10% Asian or of mixed ethnicity. Participants on average first used cannabis at 14 (2) years of age, had been using cannabis regularly for 14 (8) years, and currently used cannabis 4 (3) times per day. Half of the participants met DSM-IV criteria for cannabis abuse, and the other half met criteria for cannabis dependence. Though participants reported a history of using various preparations of cannabis, blunts were the preferred method of cannabis administration among the majority of study participants. Sixteen of the 20 participants were current tobacco users, and all participants had some history of tobacco use in their lifetime. The participants' tobacco use was not restricted during the course of the study. Other detailed participant demographic characteristics and recruitment procedures are described in a previous paper . Written informed consent was obtained prior to study participation. The study was approved by the Johns Hopkins Medicine IRB and conducted in accordance with the ethical standards of the Helsinki Declaration.
Procedures
This study was conducted within the framework of a within-subject, crossover study conducted at the Johns Hopkins Bayview Medical Center . Following an initial training and acclimation day, study participants completed two inpatient study phases, each of which consisted of two consecutive days when participants had ad libitum access to cannabis for 9 h (between 1200 and 2100 each day), followed by three consecutive days of supervised cannabis abstinence. During one abstinence period, participants were administered placebo medication each night at bedtime, and in the other, they were administered extended-release zolpidem. The two inpatient study phases were separated by a 1-week outpatient period during which participants used cannabis in their home environment in their typical manner. Subjective and physiological assessments, cognitive performance tasks, and sleep polysomnography (PSG) assessments were conducted each day. Smoking topography measures were obtained for all cannabis use that occurred during the inpatient study phases, but were not assessed during the outpatient period.
Cannabis self-administration and smoking topography assessment Cannabis was obtained from the National Institute on Drug Abuse. Cannabis cigarettes (joints) contained approximately 0.8 g of cannabis each and had a THC concentration of approximately 3%. During ad libitum cannabis selfadministration periods, participants were able to request cannabis cigarettes from research nurses. Cannabis smoking occurred in a specially ventilated room. Cannabis cigarettes were smoked through portable smoking topography devices (Borgwaldt KC, Richmond, VA). The device included a holder for the cannabis cigarette. Research staff placed the cigarette in the holder for the participant, and the participant lit the cigarette with the first puff registering immediately upon inhalation. Smoking topography output data were compared with logs maintained by research staff documenting each cannabis cigarette smoked, ensuring an accurate count of cannabis cigarettes smoked. Data from smoking topography devices were downloaded electronically to a desktop computer and included the following assessments: number of cigarettes, number of puffs, puff volume (in milliliters), puff duration (in milliseconds), average puff velocity (in milliliters per second), and time to peak puff velocity (in milliseconds).
Self-report, physiological and cognitive performance assessments
On study admission, locally constructed questionnaires were used to obtain participant demographic information and general drug use history. The TLFB method (Sobell and Sobell 1992) was used to obtain self-reported amount and frequency of cannabis use in the past 30 days, and diagnosis of current cannabis use disorders was conducted using the DSM checklist (Hudziak et al. 1993) . During the study, several assessments were collected daily. The Marijuana Withdrawal Checklist (MWC; Budney et al. 1999) , Marijuana Craving Questionnaire (MCQ; Heishman et al. 2009 ), and Pittsburgh Sleep Quality Index (PSQI; Buysse et al. 1989) were administered each morning at 1000. A battery of cognitive performance tasks were completed from 1030 to 1145 (prior to cannabis self-administration access). Tasks included: NBack, a measure of working memory (Gevins and Cutillo 1993) ; a computerized Digit Symbol Substitution Test (DSST), a measure of psychomotor ability and working memory (McLeod et al. 1982 ); a divided attention task (Kleykamp et al. 2010) ; Word Memory, a measure of episodic memory and metamemory (Mintzer et al. 1997) in which measures included proportion of old responses to old words (hit rate), proportion of old responses to new words (false alarm rate), and signal detection measures of sensitivity in distinguishing between old and new words (d′) and response bias (C); Flicker Fusion, a sensory perception task (Simonson and Brozek 1952) ; and Tower of London (TOL), a measure of executive function and planning (Ramaekers et al. 2006; Shallice 1982) . Sleep continuity and architecture was measured nightly via Embla N-7000 digital PSG data recorder.
Data analysis
Data obtained on the training and acclimation day (day 1) were not included in data analyses. Smoking topography data were assessed for outliers. Specifically, individual cigarettes smoked in which topography measures were more than 2 SDs from the mean of other cigarettes smoked by the same participant on the same day were deemed out of range and were imputed with the mean values obtained from other cigarettes that day. Mean values were also imputed for cigarettes in which topography data were not captured. Approximately 6% of the total cannabis cigarettes consumed (927 cigarettes) over the course of 4 days for 20 participants had values that were either out of range or missing and had to be imputed. Fourteen out of 20 participants had at least one cigarette that required value imputations, and most cigarette imputations were evenly distributed across participants and days.
A repeated-measures regression was conducted to determine whether cannabis smoking topography measures differed in the two residential admission periods (first versus second inpatient stay) and across days (day 1 versus day 2) of cannabis access within each inpatient admission. Repeated-measures regression was also conducted to examine differences in puff characteristics within and between the first, second, and last cigarettes smoked each day. Correlations were conducted to assess the association between smoking topography characteristics and other study outcome measures. Specifically, correlations between puff volume and the MWC, MCQ, and objective and subjective sleep measures assessed during the abstinence period in which participants received placebo medication were conducted to assess dose effects of cannabis on withdrawal, craving, and sleep. Correlations were also conducted between smoking topography and cognitive performance assessed on ad libitum cannabis self-administration days to determine whether smoking characteristics predicted cognitive performance when not acutely intoxicated. Correlations were assessed using Pearson's correlation test, and the alpha level was set to p<0.05.
Results
Cannabis smoking topography daily measures
Daily cannabis use during the study ranged from 1 to 25 cigarettes per day. On average (SD), participants smoked 12 (5) cigarettes during each 9-h cannabis access period and took an average of 13 (4) puffs from each cigarette (range, 5 to 34 puffs in one cigarette). No significant differences were found in smoking topography measures grouped by inpatient admission period (admission 1 vs. admission 2), but differences by study day were found for a number of topography characteristics (see Table 1 ). A main effect of day was found for total cigarettes smoked (F=5.9, p<0.05), volume of smoke inhaled over the entire ad libitum period (F=9.3, p<0.01), volume of smoke inhaled per cigarette (F=6.0, p<0.05), volume of smoke inhaled per puff (F= 6.4, p<0.05), and puff velocity (F=12.8, p<0.01). Values from ad libitum smoking on day 2 were consistently higher for the aforementioned measures compared to day 1, indicating that participants were smoking more cigarettes, inhaling more smoke, and with greater velocity on the days immediately preceding cannabis abstinence phases.
Topography within-cigarette Topography characteristics (puff volume, puff duration, velocity, and time to peak velocity) for the first four puffs and last four puffs of the first, second, and last cigarettes of the day were averaged across all 4 days of ad libitum administration. All participants puffed at least 8 times per cigarette for each of these 3 cigarettes, with the average (SD) across participants being 13 (4) puffs per cigarette. Puff volume and puff duration are shown in Fig. 1 for all 20 participants for the first and second cigarettes of the day. The second cigarette of the day was typically smoked 5 to 10 min following completion of the first. One participant only smoked two cigarettes per day and was excluded from last cigarette data also shown in Fig. 1 . Puff volume and puff duration steadily declined throughout the course of each cigarette. Puff velocity measures, however, increased over subsequent puffs. Time to peak velocity decreased sharply from the first to second puffs and then continued a gradual decrease throughout the remainder of the cigarette. Significant main effects for puff volume (F=39.2, p<0.0001), puff duration (F=75.9, p<0.0001), puff velocity (F=18.0, p< 0.0001), and time to peak velocity (F=32.0, p<0.0001) were observed when comparing the first four versus the last four puffs of all cigarettes. Significant main effects were also observed for all puff characteristics when puffs were aggregated across the first four and last four puffs of the cigarette (puff volume: F = 13.8, p < 0.0001; puff duration: F=38.8, p<0.0001; puff velocity: F=17.4, p< 0.0001; time to peak velocity: F=30.8, p<0.0001). A significant interaction was found between the first four and last four puffs of all cigarettes and puff count for puff duration (F=9.4, p<0.0001), puff velocity (F=5.4, p< 0.01), and time to peak velocity (F=10.5, p<0.0001), indicating a steep increase or decrease initially in the cigarette for these puffing characteristics.
Planned comparisons were also conducted between the first four and last four puffs within a cigarette. The volume inhaled in the first four puffs of the first and last cigarettes was higher compared with the last four puffs of those cigarettes (cigarette 1: t=3.4, p<0.01; last cigarette: t=3.5, p<0.01). Puff duration was longer for the first four puffs of the cigarette compared to the last four puffs for cigarette 1 (t=5.0, p<0.0001), cigarette 2 (t=3.6, p<0.001), and the last cigarette of the day (t=4.5, p<0.0001). Puff velocity was higher in the last four puffs for cigarette 1 (t=−2.2, p< 0.05) and cigarette 2 (t=−2.5, p<0.05). Time to peak velocity was longer in the first four puffs for cigarette 1 (t= 3.5, p<0.01), cigarette 2 (t=2.5, p<0.05), and the last cigarette of the day (t=2.8, p<0.01).
Since the first measured puff on the cigarette also served to facilitate lighting, the topography within-cigarette analyses were replicated excluding the first puff (compared puffs 2, 3, and 4 to the last three puffs on the cigarette). With the first puff excluded, significant main effects remained for puff volume (F =43.9, p< 0.0001), puff duration (F=64.3, p<0.0001), puff velocity (F=9.7, p< 0.01), and time to peak velocity (F=19.8, p<0.001). Main effects of aggregated puffs also remained significant for puff volume (F=5.4, p<0.01), puff duration (F=6.8, p< 0.01), and time to peak velocity (F=9.2, p<0.01). However, the interactions observed in the initial analyses were not significant. Thus, the initial puff contributed to the steep increase or decrease in puffing characteristics from the first to second puff, but significant differences in puffing behavior were still observed, indicating a decrease in smoking intensity with progressive puffs.
Smoking topography and cannabis use history
Significant correlations observed between smoking topography measures and cannabis use history are shown in Table 2 . The age of first cannabis use was positively correlated with time to peak velocity, but no other topography measures. Positive correlations were found Fig. 1 Mean volume of smoke inhaled and puff duration during the first, second, and the last cannabis cigarettes smoked each day. Error bars represent standard error of the mean. Data are averaged over 4 days. Only data for the first four puffs and last four puffs are shown due to variability in the number of puffs taken across cigarettes between years of frequent cannabis use and puff volume, puff duration, and puff velocity. The self-reported number of times per day that cannabis was used in the 30 days prior to study admission was also positively correlated with puff volume and puff duration. The positive correlation between years of regular cannabis use and the volume inhaled per puff represents one of the largest correlation coefficients found in these analyses and the relationship is shown in Fig. 2a .
Smoking topography and craving during abstinence
Relationships between smoking topography measures and ratings of craving during supervised abstinence periods are summarized in Table 2 . The number of cigarettes smoked and volume of smoke inhaled during cannabis self-administration were positively correlated with scores on the compulsivity and purposefulness scales of the MCQ. The correlation between total volume inhaled and compulsivity ratings via the MCQ are illustrated in Fig. 2b .
Smoking topography and cannabis withdrawal
Correlations between measures of cannabis withdrawal, including objective sleep assessments, obtained during the brief period of cannabis abstinence are also summarized in Table 2 . The total number of cigarettes smoked was positively correlated with peak ratings of total withdrawal (WDS) during cannabis abstinence. Puff volume was negatively correlated with sleep efficiency (time asleep/time in bed) (see Fig. 2c ) and positively correlated with sleep latency (time to fall asleep), assessed via PSG measures. Puff volume and puff duration were positively correlated with total time awake after sleep onset. Puff duration was positively correlated with subjective reports of sleep latency and negatively correlated with sleep quality and mood on awakening in the morning (measured by the PSQI).
Smoking topography and cognitive performance Few significant correlations were observed between smoking topography characteristics and cognitive performance 
.05; **p<0.01
(bottom of Table 2 ). Puff volume was negatively correlated with performance on the DSST and positively correlated with reaction time on the TOL. Total cigarettes smoked and time of peak velocity were positively correlated with DSST performance.
Controlling for self-reported cannabis use
Since significant correlations were observed between selfreported cannabis use and smoking topography, additional analyses were conducted to assess whether topography and self-reported cannabis use measures independently predicted withdrawal, craving, and cognitive performance. Partial correlations controlling for self-reported cannabis use (times used per day and years of frequent cannabis use) yielded outcomes confirming that cannabis smoking topography measures significantly predicted severity of withdrawal and craving during abstinence, but generally were not associated with cognitive performance as was observed in the primary analyses. In contrast, none of the selfreported cannabis use measures (times per day, age of first cannabis use, or years of frequent cannabis use) were significantly correlated with craving during abstinence. Self-reported number of times cannabis was used each day was associated with increased total withdrawal (r= 0.50, p<0.05), and years of frequent cannabis use was associated with sleep disturbance (decreased PSG sleep efficiency: r=−0.78, p<0.01; increased self-reported sleep latency: r=0.65, p<0.01) during abstinence.
Discussion
The aim of the current study was to explore ways in which objective measures of cannabis smoking topography could be used to better understand the behavioral pharmacology of cannabis use and dependence. In prior research, smoking topography measures have been used to demonstrate that tobacco smokers adjust the manner in which they smoke as a means to titrate nicotine dose (Collins et al. 2010; Gust et al. 1983; Guyatt et al. 1989; Kolonen et al. 1992; NemethCoslett and Griffiths 1985) , and specific features of smoking behavior have been shown to predict increased dependence severity (Veilleux et al. 2011 ) and treatment outcomes (Strasser et al. 2004; Franken et al. 2006) . Research examining the relationship of cannabis smoking characteristics and clinical outcomes is lacking. This study yielded a number of interesting and novel findings that extend this line of research. Consistent with research in tobacco smokers, cannabis users in this study demonstrated a pattern of smoking in which inhalation volume and duration were high initially and progressively decreased with subsequent puffs on a given cannabis cigarette. This was also consistent with another study that showed decreases in puff volume during the second half of a cannabis cigarette compared to the first half of the cigarette (Wu et al. 1988b ). Time to peak velocity also decreased throughout the course of the cigarette, while puff velocity increased throughout the cigarette.
The pharmacological mechanism for the topography patterns observed is unknown and was not directly tested in this study. One possibility is that cannabis users adjust their smoking to obtain an initial bolus of THC and then reduce puff volume as a means of titrating THC administration to achieve desired effects. An alternative explanation is that initial puffs may differ in potency from later puffs within a single cigarette. Two prior studies have suggested that THC concentration increases as more puffs are taken from a cigarette and that smaller puffs later in a cigarette actually deliver comparable THC doses as larger initial puffs (Davis et al. 1984; Wu et al. 1988b ). Another possibility is that puff volume and duration decrease due to increased harshness of smoke with cumulative puffs from a cigarette (Tashkin et al. 1977 (Tashkin et al. , 1991b . Further work directly testing these hypotheses with cannabis is required.
The number of years a participant reported having been a frequent cannabis user was a strong predictor of objectively measured cannabis consumption and was associated with larger, longer, and more forceful puffs. This may indicate Fig. 2 Correlations between a years of regular cannabis use and average volume inhaled per puff, b total puff volume inhaled (in milliliters) and scores on the compulsivity subscale of the MCQ measured during 3 days of cannabis abstinence, and c total puff volume inhaled per cigarette (in milliliters) and sleep efficiency scores measured via PSG during 3 days of cannabis abstinence an adjustment in smoking behavior in order to compensate for increased drug tolerance that is likely to occur following prolonged frequent use of cannabis. Little association was found between smoking characteristics and the age of cannabis initiation or endorsement of cannabis abuse and dependence criteria in this study. However, there was very little variance on these measures across study participants. Evaluation of these relationships in a larger population representing a broader spectrum of cannabis use frequency is needed.
The positive association between self-reported cannabis use during the prior 30 days and the volume of cannabis consumed during ad libitum access periods in the present study supports the validity of the TLFB as a tool for quantifying cannabis use. As described previously, there are many features of cannabis use (varying potency, different methods of smoking, sharing cigarettes, blunts, or pipes with others) that make quantifying use difficult. This study suggests that, despite these obstacles, the TLFB appears to provide a good proxy for total cannabis consumption.
Another interesting finding was that smoking behavior was similar across study admission phases, but differed depending on whether the participant was able to administer cannabis the following day. The number of cannabis cigarettes consumed, volume of smoke inhaled, and velocity of inhalation was greater when participants were required to abstain from cannabis on the following day compared with when ad libitum cannabis access continued. This suggests that cannabis smokers respond to environmental restrictions to smoking by adjusting their drug intake. It is unknown whether tobacco smokers behave similarly.
Measures of smoking topography were also significantly correlated with increased craving, withdrawal severity, and worsened sleep during a brief period of abstinence. In prior studies, cannabis withdrawal, including sleep disturbances, and craving have been associated with relapse or increased use of other drugs among those trying to quit (Budney et al. 2008b; Copersino et al. 2006; Cornelius et al. 2008; Peters and Hughes 2010) . Thus, these findings suggest the potential utility of cannabis smoking topography measures as predictors of clinical outcomes that could be used to inform treatment plans based on perceived relapse risk. Partial correlations controlling for self-reported cannabis use measures indicated that smoking topography measures were robust and independent predictors of craving and withdrawal. Prospective evaluation is needed to determine whether cannabis smoking topography characteristics (e.g., puff volume, duration, or velocity) could indeed predict abstinence and relapse rates among those entering treatment for cannabis use disorders and the comparative predictive ability with selfreport assessments.
We hypothesized that increased amounts of cannabis smoked during ad libitum administration periods would be negatively correlated with cognitive performance. This was based on prior studies demonstrating that adults (Pope et al. 2001a, b) and adolescents (Shannon et al. 2010 ) with greater urinary cannabinoid concentrations performed more poorly on cognitive performance assessments. Few significant correlations were observed between cannabis smoking topography measures and cognitive performance in the present study. Greater puff volume was associated with worsened performance on the DSST and TOL tasks, but the total number of cannabis cigarettes smoked was also associated with improved performance on the DSST. Since only daily cannabis users were enrolled in the study, the ability to detect associations between cannabis use and cognitive performance may have been constrained.
Some limitations related to this study are important to discuss. First, as alluded to above, the study population consisted of a relatively small sample of heavy cannabis users that were homogeneous on many cannabis use measures. All participants used cannabis multiple times daily and most initiated cannabis use at a relatively young age. Thus, the generality of the study results are uncertain. Replication of these findings with a larger, more diverse population of cannabis users would be valuable. An additional limitation of this study is that cannabis consumption assessed by smoking topography was not validated against biological markers (e.g., plasma, urine) of cannabis exposure. While it is likely that the volume of cannabis smoke inhaled is a valid measure of delivered dose (Azorlosa et al. 1995) , it cannot be assumed without confirmatory biological testing. It is possible that individual differences impact the bioavailability of smoked cannabis in a manner that could have affected the study results. Also, our smoking topography devices were not equipped to measure breath hold duration. Previous studies have shown that cannabis breath hold duration is associated with increased THC exposure, but no change in subjective effects Chait 1989, 1991; Azorlosa et al. 1995) . It would be valuable to incorporate this measure in future studies relating topography with clinically relevant outcomes.
In summary, relatively little research has been conducted quantifying and characterizing the smoking topography of cannabis use. Initial studies of both cannabis and tobacco smoking topography suggest predictive relationships between topography measures, puff volume in particular, and clinically important outcomes such as dependence severity, craving, withdrawal, and relapse. Thus, the use of detailed smoking topography data within the context of treatment holds the possibility of incorporating topography assessments as a diagnostic tool to aid in personalizing treatment delivery options as a means to reduce the probability of relapse. Modification of smoking topography could also be explored as a method for improving clinical outcomes. Additional research in larger, more diverse populations of cannabis users in clinical settings is warranted.
